Abstract-The ITER Central Solenoid (CS) is composed Nb 3 Sn cable-in-conduit conductor. Short twist pitch cable design is appropriate for the CS cables to maintain the current sharing temperature under electromagnetic loading cycles. In the production process of the short twist pitch CS cable, Nb 3 Sn strands, and Cu strands are cabled tightly and compressed to get circular shape. However, these processes induced strong interstrand contact force and the strands deformation. The strand performances are degraded by the severe indentation on the strands at the contact point between the strands, although the strands are deformed before the heat-treatment. Therefore, influence of the indentation on critical current and residual resistive ratio were investigated in two types of bronze-route and an internal-tin Nb 3 Sn strands which are used for the CS cable, in order to determine the threshold of indentation depth in the strands. Also, transverse cross-sectional observation by Electron Probe Micro Analyzer was carried out on the indented strands to investigate the damage in the cross-section. Before August 2016, 37 CS cables were manufactured. On 37 CS cables manufactured before August 2016, numbers of indentations on the Nb 3 Sn strands were investigated to confirm whether there was indentation on the Nb 3 Sn strands which degrades the strand performance.
I. INTRODUCTION
T HE ITER central solenoid (CS) is composed by six modules consisting of Nb 3 Sn cable-in-conduit conductors (CICCs). Each module is composed by 7 CICCs. Totally, 49 conductors are used for the six modules and a spare module. The CS conductor consists of a five-stage Nb 3 Sn cable and a roundin-square Mn-rich stainless steel (JK2LB) jacket, and maximum length of the CS conductor is 918 m. A total of 576 Cr plated Nb3Sn strand and 288 Cr plated Cu strands are cabled with five stages around a central cooling spiral and then wrapped with stainless steel tape as shown in Fig. 1 then the bundled cables are compressed to get a circular outer shape of the 5th stage cable.
The current sharing temperature (T cs ) of the CS conductor with original design was degraded by 10,000 cycles of electromagnetic loading. Displaced and buckled strands were observed by an autopsy in the conductor after the electromagnetic loading cycles [1] . These deformed strands indicate that the original design was not appropriated for the application with many cycles of electromagnetic loading. To suppress strand displacement and buckling of strands, twist pitches of the cable were made shorter than that of the original design. The T cs of the CS conductor with short twist pitch cable was stable under electromagnetic loading cycles. Moreover, it was not observed the displaced and buckled strands in the short twist pitch cable after the electromagnetic loading cycles [2] . However, the other problem was found on the short twist pitch cable. The strands were heavily damaged at the contact points between strands, because of tight cabling with short twist pitch and the compression of the cable during the cabling process. In previous study, it was found Nb 3 Sn strands performance degraded by the damage on the strand [3] - [7] . The optimized cabling technology was established to manufacture without serious damage in Nb 3 Sn strands in order to prevent the strands performance degradation for the ITER CS cable [4] .
In this study, the influence of the damage on critical current (I c ) and residual resistivity ratio (RRR) of three kind of Nb 3 Sn strands which are used for the CS conductor were investigated. Also, damages on the Nb 3 Sn strands were investigated by disassembling the CS cables which were manufactured before August 2016.
II. EXPERIMENT
Two bronze-route Nb 3 Sn strand suppliers and an internal-tin Nb 3 Sn strand supplier involves in CS cable manufacture. I c and 1051-8223 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. RRR were investigated in these three types of strands. In this paper, the two types of bronze-route Nb 3 Sn strands are called BR1 and BR2, respectively. The internal-tin strand is called IT1. As shown in Table 1 , dimensions of the three strands is almost the same. Diameters of the two bronze-route strands and an internal-tin strand is 0.83 mm and 0.82 mm, respectively. Cu/non-Cu ratio of the three strands is approximately 1. Except the multifilament area, the three strands are almost the same.
To simulate the damage of the Nb 3 Sn strand at a contact point between strands in the cable, the strand was pressed and indented by a steel edge with 0.5 mm radius before heat treatment, as shown in Fig. 2 . Before the indenting a strand, Cr plate was dissolved by hydrochloric acid. That was because Cr contaminates Cu stabilizer during heat-treatment and degrades RRR of the strands, but this degradation is unrelated to the degradation by indentation. The extent of the indentation on the strand was assessed by depth of indentation. The depth of the indentation d i was defined as following equation,
where diameter of the strand is d, minimum thickness of the strand at the indentation is d m as shown in Fig. 2 . The minimum thickness was measured by using a laser micrometer. I c measurement was carried out at 12 T and 4.2 K by 4 probe method using electric field criterion of 10 µV/m. The strands was wound onto ITER barrel of Ti6Al4V with diameter of 30 mm. The distance between voltage taps was 250 mm. Resistance measurement was carried out at ∼300 K and ∼20 K by 4 probe method with 10 mm-long voltage taps. RRR was defined as ratio of resistance at 273 K to 20 K. The resistance at 273 K was calculated from the Matthissen's rule. To investigate the origin of the degradation by the indentation on the strand, transverse cross-sectional observation was carried out by Electron Probe Micro Analyzer (EPMA).
Number of damaged strands was investigated in 37 CS cables which were manufactured before August 2016 in order to check the qualification of the cable. Two cable samples of 1 m length were cut from the point and the tail of each cable. Numbers of damage were counted on 4 or 16 Nb 3 Sn strands which were extracted from each cable sample. Fig. 3 , degradation of I c by the indentation on BR1 and BR2 is the same. This cause is considered to be the same dimensions and similar materials in the cross section of the two bronzeroute strands. Fig. 4 shows the normalized I c of the internal-tin strand. I c of IT1 was maintained for indentation larger than that 
III. RESULTS AND DISCUSSION

A. I c and RRR Degradation by the Indentation
where A 0 and A 1 are fitting parameters. The fitting range is 0.8 < I c (d i )/I c (0) < 1.0. As the results of the fitting, it was found that I c degradation is kept below 5% for indentations smaller than 0.21 mm and 0.36 mm on the bronze-route and the internal-tin strands, respectively. RRR of BR1, BR2 and IT1 without indentation were 386, 347 and 264, respectively. In the same way of the comparison of the I c degradation, RRR was normalized by RRR without the indentation to compare the RRR degradation in the three strands as shown in Figs. 5 and 6. As the fitting results by the power function, it was found that I c degradation is maintained more than 90% up to indentations of 0.24 mm and 0.26 mm on the bronze-route and the internal-tin strands, respectively. In contrast with the I c degradation, the RRR degradation of the bronze-route and internal-tin strand was very similar.
The I c degradation and RRR degradation by indentation indicates the limit of indentation depth during in the Nb 3 Sn strands in the CS cable. The indentation depth on the strands is kept less than 0.21 mm and 0.26 mm in the cable of the bronze-route strands and the internal-tin strands, respectively. In these conditions, both I c and RRR are not degraded on the strands in the both bronze-route and internal-tin cable. These two depth of indentations are called critical indentation depth d c in this paper. The three suppliers for CS cables have already manufactured the cables where the Nb 3 Sn strands indentation bellow each d c .
B. Cross-Sectional Observation at Indentation on the Strands
Transverse cross-section of BR1 with indentation of 0.43 mm depth of which I c and RRR are expected to be almost 0 and less than 20% respectively, is shown in Fig. 7 . On the other hand, the cross sectional observation was carried out on 0.35 mm indented IT1 of which I c and RRR are expected to be 95% and 70% respectively as shown in Fig. 8 , because heavily deformed IT1 after the measurements were broken. Upper images are composition images, and bottom images are elemental mapping of Sn in the both figures. Sn contamination of Cu stabilizer was observed near the breakage of the barrier in the both BR1 and IT1. Moreover, it was found that the Sn contaminated area was limited within the indentation. Therefore, that indicates that the Sn contamination caused the RRR degradation. The concentration of Sn was 0.7wt% at the contaminated area in the BR1. On the other hand, Cu stabilizer at the indentation of the IT1 with indentation of 0.35 mm depth was contaminated more severely than the BR1 as shown in Fig. 8. 3 .4wt% Sn existed in the maximum contaminated area at the indentation. Two reasons why Cu stabilizer was more contaminated in IT1 than BR1, are considered. One of the reasons is that multifilament area of the internal-tin strand has more Sn than that of the bronze-route strands. The other reason is that the multifilament area connects with Cu stabilizer at the breakage of the barrier. Because of there is softer metal (i.e. Cu and Sn) than the barrier in the multifilament area and Cu stabilizer, Cu in the multifilament area and in the stabilizer is considered to fill the breakage of the barrier.
On the other hand, the multifilament area of BR1 is expected to be broken with the barrier, because the multifilament area of BR1 consists of bronze. Therefore, diffusion path of Sn into Cu stabilizer is considered to be limited, and the contaminated are become small.
As shown in Fig. 7 , breakage of the multifilament area which may cause I c degradation, was observed at the indentation of the BR1. However, the visible breakage of the multifilament area was not observed, but the filaments of which diameter was reduced and collapse of the geometry were observed at the indentation on the IT1. These deformation of the multifilament area is considered to cause reduction of current transport area which degrades I c . Moreover, non-reacted Nb cores were found near the breakage of the barrier. This indicated that the diffusion of Sn into the Cu stabilizer caused the lack of Sn in the multifilament area. It possibly contributes to the I c degradation.
C. Number of Damaged Nb 3 Sn Strands in the CS Cables
Damaged strands were investigated in the extracted cable samples from 20 cables of BR1, 4 cables of BR2 and 13 cables of IT1. Histograms of numbers of indentations on strands a Nb 3 Sn strand per 1 m cable are shown in Fig. 9 . The bin width of the histogram is 0.1 mm depth of the indentation. As shown in Fig. 9 , there is no indentation which is deeper than critical indentation depth of 0.21 mm in the CS cables of BR1 and BR2. Also, the indentation of which depth is larger than 0.26 mm was not observed in the CS cable of IT1. Those indicate that I c and RRR performance of the Nb 3 Sn strands was not degraded in all of the cable manufactured. Therefore, the optimized cabling procedure [4] is successful to prevent the damage on the strand from degrading the performance.
IV. CONCLUSION
I c and RRR degradation by the damage on two types of bronze-route and a internal-tin strand which are used for the CS cables were investigated. From the results of I c and RRR measurement on the artificially indented strands, it was found that the depth of indentations is kept at less than d c of 0.21 mm and 0.26 mm on the two bronze route-strands and the internal-tin strand.
As the result of transverse cross-sectional observation on the indented bronze-route and internal-tin strands, Sn contaminate of Cu stabilizer near the breakage of the barrier was observed in the both indented bronze-route and internal-tin strands. This Sn contamination caused the RRR degradation. The breakage of the multifilament area was found in the indented bronze-route strand. In the case of the indented internal-tin strand, collapse of the geometry and non-reacted Nb cores were found at the indentation. These damage in the multifilament area degraded the I c of the bronze-route and internal-tin strands.
There was no indentation of which depth was larger than each d c of the bronze-route strands and the internal-tin strand in the 37 CS cables. Therefore, it was found that strand performances were not degraded in the CS cable manufacture manufactured before August 2016.
